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1. INTRODUCTION

The XM825 projectile carries a single canister load:! with

rigid felt wedges and white phosphorous (WP). Previous aeroballistic
testing with the WP in a liquid state indicated flight instabilities
for yaw levels larger than 9 degrees at Charge 4.! Intuitively, if
the density of the felt wedges were increased, then the destabilizing
effects of the liquid/fiber payload could be reduced. During the
week of 10 December 1979 at Dugway Proving Ground (DPG), Utah,

XM825 projectiles with felt wedges of two different densities were
tested. For similar launch disturbances, yawsonde data showed the
higher density felt payloads were stable, whilc the less dense felt
payloads were unstable. Table 1 {see page 16) provides a round-by-
round summary of the test program. Figure 1 gives a cut-away view of
the XM825 projectile, including a burster cup located in the ogive,
x-ribs within the payload canister, and several felt wedges. The XM825
has the exterior shape of the M483Al1 projectile.

IT. BACKGROUND

White phosphorous is carried on-board projectiles for use as a

screening agent, but suffers the disadvantage of a low melting point,
44.1°C. It is well known that projectiles with liquid payloads can
suffer flight instabilities, so new payload concepts that employ

WP must be tested when the WP is in a liquid state. WP-payload

concepts that deploy point sources for smoke production are now

under development. An initial concept employed a WP-saturated cotton
wick, but when the WP was in a liquid state dramatic fli%ht instabilities
occurred for transonic and supersonic launch conditions.? 3 % 5

1.

W.P. D'dmico, Jr., "Aeroballistic Testing of the YM8LL Projectile:
Phase I," Ballistio Rescareh Laboratory Memoraudur Roropt
ARBRL-MR-02811, March 19739, AD# B0O37680L.

W.P. D'Amico, Jr., "Early Flight Experiences with the XMN761,"
Balligtic Research Laboratory Memorandum Report ARBRI-MR-0781,
September 1977,  AD# B024975L.

W.P. D'Amico, Jr., "Field Tests of the XM781: Fipsi Dimostio
Test," Ballistic Research Laboratory Memorandum Rerort Ne. D700,
September 1977. AD #B024876L.

W.P. D'Amico, "Field Tests of the XM?61: Second Diapostis Toor,"
Ballistic Research Laboratorn Memorandum Report SRBRI=ME-00:00,
January 1978,  AD #BO25305L.

W.P. D'Amico, W.H. Clay, and A. Mark, "Diagmostic Tests fop
Wick~Tupe Payloads and High Viscosity Liquids,” Ballist/o Foao i
Laboratory Memovrandum Reyort ARBRL-MR-082913, Aprril 1979,

AD# K072812.
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A laboratory spin fixture was constructed by the Armaments Concepts
Office/Edgewood Area that allowed various paylouad concepts to be
screened prior to flight testing.® This fixture measures the despin
history of a payload canister from a 155mm projectile when it is forced
to precess at a constant angle from the vertical. The spin history
together with the spin moment of inertia of the spinning parts can be
used to compute an effective despin moment. For the ill-fated wick
payload despin moments thirty times greater than the aerodynamic
despin moment were observed for a Charge 6 launch condition. The spin
fixture was also used to investigate the despin moment of felt wedge/
liquid payloads. The despin moments measured for the prototype felt
wedge payloads were substantially lower than those previously mcasured
for the wick payloads. These data provided the impetus for flight ‘
testing a felt wedge/WP concept that evolved into the XM825 projectile.’
Although the stability of the XM825 was deemed to be adequate within
Reference 1, variations of the felt wedge payload were investigated
on the spin fixture in an effort to increase the stability of the
projectile.

Table 2 (see page 17) provides a listing of some of the propertics
of wool felt important for WP payloads. First, the felt must have
sufficient tensile strength to withstand launch accelerations and
ejection from a canister. Second, it must be highly absorbent, i.c.,
it should suspend a large quantity of WP so as to produce a good point
source for smoke. Third, a higher density felt should reduce any
liquid/fiber destabilizing effects. The initial XM825 payload utilized
an F7 felt, but despin moments for F3 felt wedges were substantially
smaller. Hence, F3 felt payloads were constructed and flight tested.

¢. Miles C. Miller, "Flight Imstability Test Fixture for Nwm-Rial0
FPayloads,” Chemical Systems Laboratory Special Publication No,
ARCSL-SP-73006, January 1979, AD# A030-43C.

~
.

W.P. D'admico and W.H. Clay, "Flight Tests for Prototup. Foit
Wedge/White Fhosphorous Improved Smoke Concept," Ballisti« deaooves
Laboratoru Memorandum Report ARBRL-MR-02824, April 1973,

AD #1054643.
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ITI. TEST RESULTS

A. Projectile Hardware

The projectile hardware, called B and C types for this test, was
identical to that tested in the March 1978 series reported in
Reference 1. The only difference between the B and C type projectile
was the utilization of F7 or F3 felts, respectively. The B type
projectile carried 120 wedges with approximately 6.2 kg of WP, while the
C type projectile carried 108 wedges with 5.8 kg of WP. The center of
gravity of the payload canister and the projectile body are very close,
and no appreciable center of gravity difference existed bctween the B
and C type shell. The projectile developers do not consider the slight
reduction in WP of the C projectiles to degrade the terminal effects.*
The hardware tested in March 1978 (Reference 1) carried fewer wedges
(only 92) than the B type shell.

B. Instrumentation

All projectiles were instrumented with fuze-configured BRL
yawsondes.® The M198 and M109Al weapons, a muzzle chronograph, a time
zero system, and the ground receiving station were operated by DPG
personnel. Yaw induction for the Charge 4 launches from the M109Al
was accomplished by a modified muzzle brake with 12.7cm side plates.
This brake was one of the yaw inducers used in the March 1978 tests.
Also, a video camera was located behind the gun and visually tracked
all projectiles to impact. In cases where yawsonde data were not
obtained, camera data were used to categorize the flight of the
projectile as stable or unstable.

C. Yawsonde Data

The quality of the yawsonde data is listed in Table 1, but further
explanation is required. Data were not received from two rounds,
DPG 661B and DPG 713C, and smear photographs indicated structural
failure of the plastic windscreen of these yawsondes. Both of these
projectiles were launched at Charge 8. The windshield of the BRL
yawsonde has been modified to avoid such failures. DPG 6598
had only one operable optical sensor, hence only spin data were
obtained. Data were lost from DPG 662B because of a tape recorder
malfunction during the count down sequence. Also, telemetry data
did not produce usable results for DPG 666B and DPG 715C.

*Private communication with J. MeGivrigan, Smoke Bvanch, Chemiog?
Systems Laboratory.

8. W.H. Mermagen and W.H. Clay, "The Desigm of a Second Generatiom
Yawsonde, " Ballistic Research Laboratoriecs Memorandum Report
No. 2368, April 1874. ADH 780064.
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A short description of the format of yawsonde data follows. The
data are provided in the form of the complementary solar angle
(SIGMA N) and the spin (PHI DOT) as functions of time of flight.
SIUMA N is the complement of the solar aspect angle, the angle betwecn
a vector drawn to the sun and the spin axis of the projectile. The
local excursions of SIGMA N represent the yawing motion of the
projectile about the trajectory. Spin data are actually in the form

of the time-derivative of the Eulerian roll angle (PHI) of the projectile.

Oscillations are normally present in PHI DOT data and are duc to the

yawing motion of the projectile. For large angular motion, Murphy has
provided a method to compute PHI DOT correctly.® The first maximum

angle (FMA) is defined as half of the first recorded peak-to-peak
excursion of SIGMA N. FMA values provide an estimate of the first

maximum yaw only if data are acquired soon after shot exit.

1. Firings of 12 December 1979

No usable data were rccorded for DPG 666B, but video data
indicated that the projectile flight was stable. DPG 658B was launched
supersonically with a small FMA of approximately 1 deg (Figure 2).
Small FMA levels are expected for supersonic launch conditions since the
projectile is aeroballistically very stable. The yawing motion
exhibited a limit cycle behavior typical of the M483Al family during the
later portions of the trajectory. Spin data are shown in Figure 3,
The spin data for DPG 659B show no abnormal behavior (Figure 4). No yaw
data are presented since only one optical sensor was operative., The
solar angle data for DPG 660B are shown in Figurc 5, while the spin
data are shown in Figure 6. All of the data indicate a stable
flight. No yawsonde data were received for DPG 661B, but video data
showed a stable flight,

2. Firings of 13 December 1979

DPG 709C was launched with an FMA of 2 deg (Figure 7) and was
stable. The spin data also were quite normal (Figure 8). The yawsonde
data for DPG 710C and DPG 711C (Figures 9, 10, 11, and 12) were
similar to the data for DPG 709C. The launch disturbance for DPG 712C
was 2 deg, but that disturbance quickly damped as seen in Figure 1.
The spin data for this round were also regular (Figure 14},

S0 OVl Murphy, "Effect of Large High-Freguency Angular Mot{on oF
a2 Shell on the Analyeie of Tte Yawsonde Records," Ballistic
Research Laboratories Memorandum Report No. 2681, Febriearn 1376,
AD #BO0G4210.




3. Firings of 14 December 1979

No yawsonde - ta were recorded for DPG 662B, but the video ¢ ta
indicated tLat the projectile was stable. DPG 714C was launched with
an FMA of 8 deg and damped quickly to a stable motion typical for
transonic and high subsonic flight, as shown in Figures 15a and 15b,
Figure 16 provides the spin data. DPG 715C had no usable data, but
again video data indicated a stable flight. DPG 663B did not produce
clean data until 1.5 s into its flight, and even then the data
transmission was not optimal. As such, no description of the launch
disturbance can be made, but the data clearly show a violent flight
instability similar to the type experienced in the March 1978 series
(Figure 17). The spin data show a rapid decrease in spin at approximately
7.5 s, and this behavior is also typical of a liquid/projectile
interaction. DPG 664B also exhibited violently unstable behavior,
Figures 19a and 19b show the solar angle data with an FMA of
approximately 9.5 deg. The spin data are shown in Figure 20 and show a
rapid decrease in spin at 6 s,

IV. DISCUSSION

The ballistic testing in this program fell into two categories
based upon launch velocities: supersonic and transonic. The
supersonic tests were conducted to assure that flight instabilities
late in the trajectory did not occur as with the XM761 WP/wick
projectile.* None of the yawsonde data suggest stability problems
at supersonic launch conditions for either che F3 or the F7 felts.
The most critical test rounds were the yaw induced, transonic
flights. Unfortunately, data were lost, but the evidence clcarly
indicates that the F3 felt wedge payloads were more stable than
the F7 payloads. The largest disturbance induced at launch for an F3
felt projectile was only 8 deg.

Many projectile aeroballistic tests have been conducted at DP(,
which has an elevation of approximately 1300m. Testing of two prototype
red phosphorous projectiles from the M483Al1 family, the XM803!" and the
XxM80211 resulted in yaw levels of 8 to 12 deg for stable shell. During
all of these tests conducted at DPG, the same modified muzzle brake has
been used. In the March 1978 series of tests for the XM825, yaw levels
of approximately 8 deg were reached when the WP was in a solid state.
Also, data from an unstable XM825 projectile tested in the March 1978

10, W.i D'Amdco, "XMS03 Yawsonde Reduction," Balliotic Foeo aror
Labepitors Momorandwn Jeport 4w publication,

1. A. Mark and W.H. Clay, "Aeroballistic Test of the XMEOL RE Smoke
Projectile,' Bullistic Research Laboratory Memorandum ierort
ARBRL-MR-05677, November 1878, AD BOI3753L.
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series have been re-examined. One round, DPG 6, was fired ncar the edgce
of the test window where the calibration data for the yawsonde are
nonlinear. Figure 21 gives the solar angle data for this round using

a second order Newton interpolation of the calibration data (as was

used for all of the data processed within this report). The FMA shown
in Figure 21 is 10 deg instead of the 11 deg reported in Reference 1.
The yaw levels of the December 1979 series were not large, but they were
very similar to amplitudes previously obtained for shell of the M483Al
family at DPG.

It would be advisable to induce larger launch yaws than those
obtained so as tou determine the critical yaw angle for the XM825 at
transonic launch conditions. The launch conditions appropriate to the
aeroballistic testing of a projectile with a potentially destabilizing
payload are unusual. For such projectiles, the aecroballistic damping
along the trajectory should be minimized by testing under low
atmospheric density conditions. For this condition, the yaw damping
will not camouflage a payload instability. Projectile tests should
also be conducted for large launch yaws, but there are many variables
that determine the yawing motion of a projectile near the muzzle of a
weapon. The angular motion of a symmetric missile can be described
by the complex yaw!?,

_ i¢g i¢o
£ Kle + K2e . (la)
where
— A.S ‘—
Kj = Kj0 e’] (j=1,2) (1b)
- / s
¢J = ¢J0 + ¢JS (J-I,Z) (IC)

Arc length along the trajectory is defined by s. The usual forms for
the fast (j=1) and slow (j=2) precessional frequencies are

) = (I, /7 21) (pd/V) (1 £ o), (2)
where 1,
o= (1-1/s)7, (3)
g
and
sp = (pd/V)? (Ix2/21y8d3) (1/0 C”a)' 4

12. C. H. Murphy, "Free Flight Motion of Symmetric Missiles," Ballistic
Research Laboratory Report No. 1216, July 1963. ADF 442757, ﬁ




The initial modal amplitudes can be determined from the initial angle, i
éo and the initial angular rate, g;

. -
. g = (A, + 1 ¢,) ¢
K pet?10 = 2 2 2’ o (5a)
1 Al—)\2+i(¢/]-¢{2)
and ~, ( ey E |
- £ - (A + 1 ¢, }
K,Oel¢20 o ° (5b) |

Ap = 2+ i (¢ - ¢a)

Using these expressions for K.. and KZO’ several approximations can be

10
made to determine the angular motion near the muzzle. First, since

only the motion near the muzzle is of interest, damping will be i
neglected (A, = A, = 0). Second, assume that the projectile exits the

gun with zero yaw (go = 0), If this were true, then Kl and l(2 must bhe L

of equal magnitude but opposite phase. The assumption of |K1| = |K2[

near the muzzle is substantiated by the Sigma N histories in Figures

15b and 19b. The evaluation of KlO and K20 still depends upon ’1

ég, however. In practice the reproducibility of Eg in magnitude and

phase is poor. For a constant Eg, a relative scale factor, Amn’ can
be formed by a ratio of K10 amplitudes for two different launch j
conditions. Since K1 = K2 near the muzzle, then Amn also yields a

scale factor for the total yaw. For Ay = A, = &0 = 0 and

2
¢h - 07 = (/1) (pd/V) o,

A= [(pd/v) (Ix/Iy)O] m/// [(pd/V) “x/‘y)”]n (6) E

Consider the case where the exterior shape and moments of inertia of
the projectile are not design parameters and are held constant, then [
A, depends upon Sq " the gyroscope stability factor, pd/V - the twist .

of the projectile through the air, p - the atmospheric
density, and CM - the static moment coefficient. For the projectile
97




tests of References 13 and 14, high density conditions were selected to
reduce sg.

A dilemma exists since large p increases both the launch yaw and
the aeroballistic damping. One can attempt to maximize C” , which

is a strong function of the Mach number. This is often difficult, since
nonstandard powder charges are required and local wind conditions may
be variable. It may be more desirable to vary the twist of the gun

to modify Sg' The twist, n, of the M109Al system is 20 cal/rev,

while the older M2 gun has a 25 cal/rev twist. The gun twist, 2n/n,
replaces pd/V leaving,

- 271 2 3 2
sg [21r Ix /Iy Sd pCMa] (1/n)

Typical parameters for the XM825 at DPG with a tramsonic launch
velocity are:

I, = 0.1679 kg-m?

Iy = 1,8263 kg-m?

p = 1.046 kg/m3 (15°C nominal)

Cy = 4.5

a
For these parameters,

sg (n=20) = 2.29
and s, (n=25) = 1.47,
and

A =1.66

mn

If the M2 gun were fitted with a yaw inducer that produced 8 deg of yaw
then a yaw level of over 13 deg is possible. If large yaws are required
for the XM825 at DPG, then a yaw inducer should be constructed for use
with the M2 gun.

13. J.H. Whiteside, "Flight Behavior Test of 155mm XME87E1 and XM71RE1
and 8-Inch XM650E4, PXR6231, XM?11, and XM736 Shell at Nicolet,
Canada, During the Winter of 1975-1978," Ballistic Research
Laboratory Memorandum Report No. 2738, March 1977, AD# B018143L.

14. V. Oskay and J.H. Whiteside, "1874-1975 Winter Tests of 155mm
(M483 Family) and 8~Inch (M509 Family) High-Capacity Shell at
Nicolet, Canada," Ballistic Research Laboratory Memorandum Report
No. 2723, January 1977. AD# B017015L.

14
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Yawsonde data can also be processed to eliminate some of the
bothersome signals produced by the measurement system.  For example,
the solar angle data can be digitally filtered in a band pass mode to
yvield the amplitude history of the fast precessional mode. Figure 22
shows the data from DPG 664B for a band pass of 2 to IS5 Hz. Also, the
spin can be digitally low pass filtered to remove the cffects of the
vaw on PHl DOT. Figure 23 shows data from DPG 664B that have been
low pass filtered at 4 lz. If it were assumed that the despin moment
could be computed from these spin data, then first order comparisons
with the spin fixture data of Miller® could be madc. {f the data in the
first 4 s are used to estimate the effects of air friction on the
projectile, then subsequent data can be used to calculate a spin
derivative due to only the liquid payload. This derivative when
combined with the axial moment of inertia of the rigid parts of
the XM825 (Ix = 0.1679 kg-m?) produced a despin moment of approximately

24 N'm (or 17.7 ft-1bf). From Figurc 22 at 6 s, the projectile had a
fast precessional amplitude of approximately 40 deg. This amplitude

is much larger than can be generated by the spin fixture. Most data
from the spin fixturc are at a coning angle of 20 deg, which from

Figure 22 occurred at approximately 5 s. At this time frame, the despin
moment was much smaller with a magnitude of 4.2 N.m (or 3.1 ft.1bf).
This value is approximately three times larger than that predicted by
the spin fixture (see Figure 25 of Reference 1)}.

V. CONCLUSIONS

Yawsonde-instrumented XM825 projectiles were tested with felt
wedges of higher than standard density. This single modification appears
to have increased the aeroballistic stability of the projectile when
the WP is in a liquid state. Yaw-induced projectiles at Charge 4 were
stable when the payloads contained the higher density felt, while
the standard density felt payloads were unstable for similar launch
disturbances. The maximum launch yaw achieved for stable flights
was 8 deg. If higher launch levels are desired, tests must be con-
ducted at a site other than Dugway Proving Ground or a novel and
controllable technique for yaw induction must be used. It would be
desirable to determinc the upper bounds of yaw for stable flight
performance for the higher density felt wedge payload, and the use
of the M2 gun system with a lower twist tube appears to be a viable
option.




TABLE 1. ROUND-BY-ROUND DATA!

FIRED ON 12 DECEMBER 1979 FROM AN M198

DPG BRL Muzzle Launch

Number? Number Velocity(m/s) Time (Zulu) Comments

666B 1450 469.0 17:39 Stable,unusahle data
658B 1453 471.0 17:49 Stable, good data

659B 1618 471.5 18:00 Stable, spin data only
660B 1456 816.8 18:23 Stable, good data

661B 1457 816.7 18:32 Stable, no transmission

FIRED ON 13 DECEMBER 1979 FROM AN M198

709C 1458 468.7 16:54 Stable, good data
710C 1459 472.8 17:09 Stable, good data
711C 1559 468.2 17:16 Stable, good data
712C 1566 807.5 17:22 Stable, good data
713C 1580 806.5 ©17:29 Stable, no transmission

FIRED ON 14 DECEMBER 1979 FROM AN M109A13

662B 1553 331.9 17:01 Unstable, tape recorder
failure

714C 1554 332.1 17:27 Stable, good data

715C 1555 333.7 17:34 Stable, unusable data

663B 1556 333.7 17:42 Unstable, good data

6648 1565 335.0 17:51 Unstable, good data

1. All rounds were Zaunchgd at a quadrant elevation of 533 mils and
were conditioned to 6Z2°C.

2. A suffix B identifies F7 felt wedge payloads, while ¢ identifies
F3 felt wedge payloads.

3. ALl rounds in this series were launched with artificial yaw
induction by a modified muzzle brake.

16




TABLE 2. PROPERTIES OF INDUSTRIAL WOOL FELTS*

Soviety of
Automotive

iingineers (SAE) Liquid Minimum

Specification specific Absorption Tensile Strength

Number Gravity (% by volume) o psi)_
K1 0.384 71 600
F2 0.342 74 500
I3 0.342 74 500 '
Fd 0.330 76 400 |
FS 0.330 75 500
Fo 0.330 75 200
g 0.262 80 400 p
I8 0.262 80 275 'q
FO 0.262 80 250 1

A S

4

————— .y - =
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LIST OF SYMBOLS

A a ratio of K . amplitudes, o frequency of the jth
mn 10 j .
. modal arm, j=1,2
kq. 6
CM static moment coefficient SUBSCRIPTS
1
d maximum diameter of .
. .
projectile ] slower precessional mode
Ix axial moment of inertia ég;i)z.f?iter precessional
of the projectile )=
Iv transverse moment of SPECTAL NOTATION i
d inertia of projectile
() derivative with respect
’ K. length of the jth modal to arc length :
J arm, j=1,2
13
n twist of rifling i
!
p axial spin rate '-
'
s arc length along ¥
trajectory \
.
s gyroscopic stability ?1
g factor !
v speed of projectile
relative to air
.
GREEK LETTERS )
: the complex yaw b
|
air density !
,, ';1
a (1 -1/s )*
g 1
. orientation angle for !
J the jth modal arm,
j=1,2
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